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A mechanism of learning found?
Synaptic plasticity in the cerebellar cortex is abolished and
cerebellum-dependent motor learning is decreased in mice lacking a
metabotropic glutamate receptor. Is the receptor involved in learning?
Learning is a behavioral phenomenon that occurs when
molecular changes at one or several sites are amplified,
processed and transformed by an interconnected network
of neurons. Although the term 'learning' usually evokes
cognitive concepts such as learning to recognize
'Grandma', research on simpler forms of learning holds
tremendous promise for elucidating where and how
specific forms of learning occur in the brain. Learning of
motor skills is one example in which progress towards
understanding the brain mechanisms of learning is now
fast. Motor learning is amenable to study because motor
activity can be evoked and measured with quantitative
precision. A site for study has been identified: there are
now two motor behaviors for which motor learning is
known to depend on an intact cerebellum and the site(s)
of learning seem to be in the cerebellum. Electrical
recordings in brain slices and in culture have revealed a
form of synaptic plasticity in the cerebellum - 'long-
term depression' or LTD - and have elucidated its basic
cellular and molecular cascade. The remaining challenge
is to form a bridge between the systems level of analysis
(how an organism behaves) and the molecular level, by
determining the exact sites and the molecular mecha-
nisms of cerebellum-dependent motor learning.
In one of the most exciting recent advances in this area,
papers in Cell [1] and Nature [2] have shown that the
'knock-out' of a metabotropic glutamate receptor
(mGluR1) in mice, by targeted gene inactivation, causes
a loss of cerebellar LTD and neurological symptoms of
Fig. 1. Organization of the cerebellum and its postulated role in eye-blink conditioning. Neural elements in the cerebellar cortex
include the granule cells - their axons give rise to parallel fibers - and the Purkinje cells. The synapses from parallel fibers onto
Purkinje cell dendrites are the sites of cerebellar LTD (inset). The inputs to each Purkinje cell arise from many mossy fibers and just one
climbing fiber. The Purkinje cell axon projects to the deep cerebellar nucleus, where it makes GABAergic inhibitory synapses. For eye-
blink conditioning, the conditioned stimulus is thought to enter the cerebellum on mossy fibers (CS pathway), the unconditioned stimu-
lus is thought to enter on climbing fibers (US pathway), and the relevant deep cerebellar nucleus is the interpositus nucleus. The
outputs from the interpositus nucleus project to the red nucleus in the brainstem.
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cerebellar disorders, as well as deficits in one form of
cerebellum-dependent motor learning [1]. Do these
papers demonstrate that LTD in the cerebellar cortex
causes motor learning? The answer to this question
requires integration of the data from mGluRl-deficient
mutant mice with recent data from the analysis of
cerebellar learning at a systems level.
The basic anatomy of the cerebellum and the site of
cerebellar synaptic plasticity are illustrated in Figure 1.
Purkinje cells project to the deep cerebellar nuclei,
where they make inhibitory synapses. In the cerebellar
cortex, each Purkinje cell receives direct inputs from
one 'climbing fiber' and indirect inputs from many
'mossy fibers', the latter via granule cells and parallel
fibers. LTD occurs in the cerebellar cortex at the
synapses between parallel fibers and Purkinje cells (see,
for example, [3,4]). If action potentials occur at the same
time on the climbing and parallel fiber inputs to a given
Purkinje cell, the subsequent strength of the parallel
fiber synapses decreases. Cerebellar LTD has been
demonstrated often and its existence can no longer be
contested. Thus, LTD is a potential mechanism for the
implementation of cerebellar learning according to the
Marr-Albus-Ito theories [5-7], which postulated that
conjunction of climbing fiber and parallel fiber activity
causes learning through changes in the strength of trans-
mission at the synapses from parallel fibers onto Purkinje
cell dendrites.
The seemingly simple question of whether behavioral
learning involves plasticity in the cerebellar cortex, at
the site of LTD, has proven to be most contentious.
One resolution of the cerebellar site(s) of motor learn-
ing has come from the analysis of learning in the
vestibulo-ocular reflex of monkeys. Recordings from
single cerebellar neurons before and after learning sug-
gest that learning occurs both in the deep cerebellar
nuclei, which are physically in the brainstem for this
motor system, and in the cerebellar cortex [8,9]. An
intriguing series of lesion experiments studying classical
conditioning of the eye-blink reflex have now provided
evidence that the sites of learning in this system also may
be distributed between the cerebellar cortex and the
deep cerebellar nuclei.
Figure 2 illustrates the experimental paradigm for elicit-
ing and studying classical conditioning of the eye-blink
reflex. An 'unconditioned' stimulus (US), such as a puff
of air or a peri-orbital shock, is paired with an initially
neutral 'conditioned' stimulus (CS), such as a tone, so
that the CS starts before, and continues to the end of,
the US. Before conditioning, the tone alone does not
elicit an eye blink but the US does. During condition-
ing, however, the brain learns that the tone is a reliable
predictor of the US, so that after conditioning the tone
alone evokes an eye-blink. As training proceeds, there is
a gradual increase in both the probability and the ampli-
tude of tone-evoked eye-blinks (called 'conditioned
responses').
The essential circuit for eye-blink conditioning is indi-
cated on the diagram of cerebellar circuitry in Figure 1.
According to current thought [10], the climbing fiber
input to the cerebellum transmits the US and the mossy
fiber pathway transmits the CS. Although the emphasis
has been on the convergence of CS and US pathways in
the cerebellar cortex, the two pathways also converge and
could cause synaptic plasticity in the deep cerebellar
nuclei. The output pathway from the cerebellar cortex
Fig. 2. Paradigm used to study eye-blink
conditioning in normal rabbits and in
mGluRl-deficient mutant mice. The
time course of the stimuli and the eye-
blink responses are shown schemati-
cally, before and after conditioning. The
conditioned stimulus (CS) is delivered
for a prolonged period and the uncondi-
tioned stimulus (US) is delivered tran-
siently at the end of the conditioned
stimulus. (a).Before conditioning, pre-
sentation of the CS alone does not
evoke an eye-blink and presentation of
the CS and US together evokes an eye-
blink that starts after the US. (b) After
conditioning, the CS alone evokes an
eye-blink and the CS and US together
now evoke an eye-blink that starts
before the onset of the US. If the 'cor-
rect' part of the cerebellar cortex is
lesioned after conditioning, then the
time course of the conditioned eye-blink
changes. As shown by the trace drawn
as a broken line, the latency becomes
shorter and the response is briefer.
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goes through the interpositus (deep cerebellar) nucleus to
the red nucleus, and then on to the final motor pathways.
To identify sites of learning, several groups have deliv-
ered the sensory stimuli for eye-blink conditioning dur-
ing reversible inactivation of the red nucleus or the
interpositus nucleus by localized application of anaes-
thetics. They then asked whether the conditioned
response is present in the first testing session after with-
drawal of anaesthesia. The logic of this approach is that
conditioning should develop during anaesthesia only if
learning occurs at a site in the essential pathway that is
upstream from the site of anaesthesia. The results of one
experiment suggest that the cerebellum is a site of learn-
ing: when the red nucleus was anesthetized locally, the
conditioned responses were almost fully expressed in the
first session after the anaesthesia had worn off, even
though there had been no conditioned eye-blinks during
training [11,12]. Results of a second experiment by the
same laboratories implied that the cerebellar cortex alone
could not support learning: when the interpositus
nucleus was the site of inactivation, the conditioned
responses did not occur in the first session after the local
anaesthesia wore off; instead, they required the normal
period of training [11,13]. But other investigators did the
same experiment and observed conditioning while the
interpositus nucleus was anesthetized [14]. Possible tech-
nical problems aside, this leaves open the possibility of
learning in the cerebellar cortex.
Further evidence that the cerebellar cortex is a site of
learning has come from a clever experimental paradigm
that causes learning of the timing as well as the size and
frequency of the conditioned response [15,16]. If there
was a 500 millisecond interval between the CS and the
US (as in Fig. 2), then the conditioned eye-blink had a
long latency and a prolonged time course. After training
was complete, removal of the 'correct' part of the cere-
bellar cortex altered the timing of conditioned eye-blinks
Fig. 3. Summary of the time course of eye-blink conditioning in
wild-type (white circles) and mGluR1-deficient mutant (red circles)
mice. Each point plots the amplitude of the conditioned response
as a percentage of baseline on the y-axis and the sequence of
conditioning blocks on the x-axis. (Adapted from [1].)
but did not abolish them (dashed line in Fig. 2a). Similar
lesions did not alter the short-latency, brief conditioned
responses produced when the interval between the
CS and US was shorter (150 ms instead of 500 ms).
Although other interpretations are possible, these data
suggest that the basic conditioned eye-blink is learned in
the deep cerebellar nuclei and that the timing of the con-
ditioned response is learned in the cerebellar cortex 16].
We can now consider the near loss of cerebellar LTD
[1,2] and the deficits in eye-blink conditioning in
mGluRl-deficient mutants [1] in the framework pro-
vided by other knowledge about cerebellar learning. My
first concern about interpretation of the deficits in the
mGluR1 mutant is the uncertainty from systems-level
analysis about whether the cerebellar cortex is a site of
eye-blink conditioning. Only some of the available data
suggest that it is, and many of the lesion experiments
imply that it is not. This first concern is amplified by the
fact that the mRNA for mGluR1 is found in the deep
cerebellar nuclei and the inferior olive (the latter is the
source of all climbing fibers), as well as in Purkinje cells
[17]. Either of these structures outside the cerebellar
cortex could be the site of the molecular deletion that
causes eye-blink conditioning to be reduced in the
mutants. My second concern is that the deficit in eye-
blink conditioning in the mGluRl-deficient mutants is
mild (Fig. 3), even though LTD appears to be abolished
[1]. If cerebellar LTD is the mechanism of motor learn-
ing in the cerebellum, I was hoping to see a complete
behavioral deficit.
My final concern arises from behavioral observations on
the mGluRl-deficient mutants. Even though the anat-
omy and basic synaptic physiology of the mutant cere-
bellum is almost normal, the mutant mice have ataxic
gait and intention tremor [1,2], implying that the cere-
bellum has lost many of its functions. The deficits in gait
and the tremor could result from the loss of LTD-
dependent motor learning, or they could reflect a fun-
damental failure of cerebellar functional development
in the mutants. This raises alternative possibilities for
explaining. the deficits in eye-blink conditioning. For
example, the deficit would be expected if growing up
with the mutation either altered the input signals to a
learning mechanism in the cerebellar cortex or changed
the output signals from the cerebellar cortex in a way
that deprives an intact learning mechanism in the inter-
positus nucleus of its usual guidance. This last concern
would be mitigated by an understanding - through
recordings of cerebellar input and output signals during
conditioning - of why the mutants have a deficit in
eye-blink conditioning. Is it because their cerebella are
functionally ablated or because they lack LTD? Because
of these concerns, I find the deficits in motor behavior
and eye-blink conditioning in the mGluRl-deficient
mutant intriguing but inconclusive.
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